Background: Dorsal root ganglion neuron-derived immortal cell lines including ND7/23 and F-11 cells have been used extensively as in vitro model systems of native peripheral sensory neurons. However, while it is clear that some sensory neuron-specific receptors and ion channels are present in these cell lines, a systematic comparison of the molecular targets expressed by these cell lines with those expressed in intact peripheral neurons is lacking. Results: In this study, we examined the expression of RNA transcripts in the human neuroblastoma-derived cell line, SH-SY5Y, and two dorsal root ganglion hybridoma cell lines, F-11 and ND7/23, using Illumina next-generation sequencing, and compared the results with native whole murine dorsal root ganglions. The gene expression profiles of these three cell lines did not resemble any specific defined dorsal root ganglion subclass. The cell lines lacked many markers for nociceptive sensory neurons, such as the Transient receptor potential V1 gene, but expressed markers for both myelinated and unmyelinated neurons. Global gene ontology analysis on whole dorsal root ganglions and cell lines showed similar enrichment of biological process terms across all samples. Conclusions: This paper provides insights into the receptor repertoire expressed in common dorsal root ganglion neuronderived cell lines compared with whole murine dorsal root ganglions, and illustrates the limits and potentials of these cell lines as tools for neuropharmacological exploration.
Background
Peripheral sensory neurons enable humans to sense the world around us. Sensory nerve endings innervating the skin, muscle, and viscera are responsible for detecting external stimuli such as touch, vibration, temperature, and pain, which are then relayed to the spinal cord and the central nervous system. Peripheral sensory neurons are a heterogeneous group of neurons that can be classified according to axonal transmission speed, degrees of myelination, and functional characteristics. 1 The cell bodies of these pseudo-unipolar neurons are located in the dorsal root ganglia (DRG) and are used extensively to study mammalian sensory processes, peripheral mechanisms of pain, and the effect of drugs on the peripheral nervous system. In recent years, significant advances have been made in unravelling the molecular and pharmacological basis of the diverse functional properties defining subsets of peripheral sensory neurons, as well as the G-protein coupled receptors (GPCRs) and ion channels contributing to sensory neuron physiology and pathophysiology. For example, the transient receptor potential (TRP) channels including TRPV1, TRPA1, and TRPM8 are activated by temperature and reactive chemicals, while GPCRs such as protease-activated receptors, histamine receptors, and bradykinin receptors are activated by inflammatory mediators. While primary DRG neurons are used extensively to study the pharmacological mechanisms involved in sensory neuron functions such as pain and itch, this approach has several drawbacks. The isolation and culture of DRG neurons is time consuming, highly technical, and requires the use of animals. Importantly, not all neurons survive this process. 2 Removal of DRG neurons from the in vivo environment and axotomy of the peripheral processes also leads to adaptive changes such as down-regulation of the potassium channel subunit K V 9.1, overexpression of the nerve growth factor receptor TrkA, and increased neuronal excitability. [3] [4] [5] [6] In addition, as DRG neurons are heterogeneous, only a subset of cells is likely to express the target of interest and a substantial proportion of cultured cells include non-neuronal cell types such as fibroblasts and glial cells. Accordingly, researchers have turned to DRG-derived immortal cell lines as substitutes for intact DRG neurons when investigating endogenous receptors. Common candidates are the DRG-hybridoma cell lines F-11 and ND7/23, which were derived from embryonic or neonatal rat DRG neurons by fusion with the mouse neuroblastoma cell line N18Tg2 7, 8 and display neuron-like properties including excitable membranes and sensory neuronal cell surface markers. Similarly, we have recently shown that the neuroblastoma cell line SH-SY5Y, which is commonly used as a model of adrenergic or dopaminergic neurons, exhibits traits of peripheral sensory neurons such as functional expression of the sensory neuron-specific sodium channel isoform Na V 1.7. 9 However, although these cell lines are often considered suitable models to study mechanisms of nociceptor activation and individual investigations of specific protein families have been conducted, [9] [10] [11] a systematic analysis of the expression profile of these cell lines in comparison with DRG neurons is lacking.
In this study, we conducted RNA-Seq analysis with particular emphasis on ion channel and GPCR expression in DRG neuron-derived cell lines including the human neuroblastoma cells SH-SY5Y, 12 ,13 the mouse neuroblastoma/rat embryonic DRG neuron hybrid cell line F-11, 8 and the mouse neuroblastoma/rat neonatal DRG neuron hybrid cell line ND7/23.
7 Data from cell lines were then compared to RNA-Seq analysis conducted on whole murine DRG. Functional expression of selected targets was confirmed by Ca 2þ imaging. While a number of sensory neuron-specific targets including Na V 1.7 were expressed in all cell lines, we also found several discrepancies, and none of the cell lines displayed an expression profile consistent with specific subclasses of sensory neurons. This stresses the need for further exploration on the functional receptors present on neuronal cell lines used as model DRG neurons, and highlights the importance for cautious interpretation of results obtained using SH-SY5Y, F-11, and ND7/23 cells.
Methods Animals
Male wild-type C57BL/6 mice age six to eight weeks and weighing [20] [21] [22] [23] 
Cell culture
Human neuroblastoma SH-SY5Y cells (The European Collection of Cell Cultures) were grown in Roswell Park Memorial Institute medium with 15% FBS and 2 mM L-glutamine and kept at 37 C/5% CO 2 ; 0.25% trypsin/EDTA was used to passage the cells every three to five days at a 1:5 dilution ratio or when approximately 90% confluent.
Mouse neuroblastoma/rat embryonic DRG neuron hybrid F-11 cells (The European Collection of Cell Cultures) were grown in Ham's F12 media with 10% FBS, 100 mM hypoxanthine, 0.4 mM aminopterin, and 16 mM thymidine (HAT media supplement HybriMax TM ) and kept at 37 C/5% CO 2 ; 0.25% trypsin/ EDTA was used to passage the cells every two to three days at a 1:5 dilution ratio or when approximately 80% confluent.
Mouse neuroblastoma/rat DRG neuron hybrid ND7/ 23 cells (The European Collection of Cell Cultures) were grown in DMEM with 10% FBS, 2 mM L-glutamine, pyridoxine, and 110 mg/ml sodium pyruvate and kept at 37 C/5% CO 2 ; 0.25% trypsin/EDTA was used to passage the cells every three to five days at a 1:5 dilution ratio or when approximately 90% confluent.
Sample extraction and preparation
Mice were euthanised with carbon dioxide followed by cervical dislocation. The spine was immediately removed, the dorsal side of the vertebra bones removed, and the tissue immersed in ice-cold DMEM. The spinal cord was removed, and thoracic and lumbar DRGs (T6-L6 inclusive) were dissected with forceps and placed in DMEM, followed by trimming of excess myelin. Dissected DRGs were then placed into fresh DMEM with 1 mg/mL collagenase and 0.5 mg/mL protease, and incubated at 37 C/5% CO 2 for 45 min to allow for dissociation. The dissociated cells were centrifuged at 20,000 r/min for 3 min and excess DMEM removed. The cell pellet was then washed in PBS, centrifuged briefly, and excess PBS removed. Whole DRG samples from two mice were pooled together for RNA extraction.
All cell lines were allowed to reach 90% confluence in a T75 flask in culture before harvesting. Cells were harvested by washing with PBS, followed by trypsinisation with 0.25% trypsin/EDTA. The appropriate cell culture media were added into the flask and the cell suspension was centrifuged at 14,000 r/min for 5 min to form a pellet. Excess media was removed and the cell pellet processed for RNA extraction.
RNA-seq, bioinformatics analysis, and data analysis
Cells were brought up from frozen stocks and allowed to recover for at least three to five passages. RNA was extracted from SH-SY5Y cells at passage 29, from F-11 cells at passage 9, and from ND7/23 cells at passage 28 using the RNeasy Mini Kit (Qiagen, Melbourne, Australia) according to the manufacturer's instructions, including on-column DNase digestion. The RNA Integrity Number (RIN) was above 8.5 for all samples. Library construction and bioinformatics analysis were conducted by the Australian Genome Research Facility. RNA-Seq was conducted on an Illumina Hiseq-2000 machine as a 100-nucleotide single-end run, and primary.fastq data was generated with the CASAVA 1.8.2 pipeline (Illumina). Reads were screened for the presence of any adaptor or overrepresented sequences, ambiguous characters were clipped where required, and sequence bias was corrected. Alignment was performed with Tophat with default analysis parameters in singleend mode. The number of mismatches were restricted to no more than two bases. Reads from SH-SY5Y cells were mapped against the human genome (hg19), DRG reads were mapped against the mouse genome (mm9), and F-11 and ND7/23 reads were mapped against both the mouse genome (mm9) and rat genome (rn5). Transcripts assembly was performed by Cufflinks with the reference annotation-based assembly option 14 using the UCSC annotation, and multi-reads correction was used. Gene counts were then compiled using the HTSeq software. 15 Heatmaps were generated using R with the gplots, pheatmap, and RColorBrewer libraries.
Accession number and gene ontology analysis
Raw bioinformatics data in the form of .fastq files and count tables generated with HTSeq are both available at the Gene Expression Omnibus database under the accession number GSE75811. Gene ontology (GO) analysis was conducted with the PANTHER database 16 with the Gene List Analysis tool. 17 Genes with >100 reads in each sample were compiled and submitted to Gene List Analysis and analysed according to Biological Processes (BP) terms. Genes from whole DRGs were assigned according to the Mus musculus genome, the SH-SY5Y sample was assigned to the Homo sapiens genome and F-11 and ND7/23 samples were assigned to both Mus musculus and Rattus norvegicus genomes each.
Transfection
HEK293 (American Tissue Culture Collection, Manassas, VA, USA) were routinely maintained in DMEM containing 10% FBS, 2 mM L-glutamine, pyridoxine, and 110 mg/ml sodium pyruvate. Cells were split every three to six days in a ratio of 1:5 using 0.25% trypsin/EDTA. Cells were plated on T75 tissue culture flasks (Nunc) 24 
Results
All samples had 84% or more reads aligned to the respective reference genomes ( Table 1) . The whole DRG sample included heterogenous populations of cells including neurons and non-neuronal cells, as exemplified by the presence of the non-neuronal glial cell marker vimentin (VIM). 18 All cell samples expressed the neuronal and glial marker N-Cam, the neuronal marker F-3, and the mouse neuronal marker Thy-1, which was particularly abundant in the whole DRG sample. As data normalisation relies upon housekeeping genes expressed in similar levels across all samples, we examined the expression of various housekeeping genes due to the recognised issue of differential expression levels for standard housekeeping genes 19 and found TUBA1A to be one of the only candidates expressed at a similar global level (0.02-0.08% of all aligned reads) across all samples in our data. In contrast, other popular housekeeping genes commonly used in data normalisation, such as GAPDH and b-actin, were not expressed with similar intensity across all our samples. For instance, 64 reads aligned to GAPDH in the DRG sample, while 12,475 reads aligned to GAPDH in the SH-SY5Y sample. We thus normalised all reads to the highly expressed a-tubulin gene, with the intensities of gene expression presented as normalised gene ratios.
The two hybrid cell lines examined, F-11 and ND7/23, are known to contain both rat and mouse chromosomes (F-11) 8 and express rat surface markers after fusion with mouse neuroblastoma cells (ND7/23). 7 It was not clear which genes are transcribed from the rat genome and which are from the mouse genome in these cell lines. We therefore chose to align F-11 and ND7/23 reads twice, once against the mouse genome and once against the rat. We found that qualitatively, expression profiles largely mirrored each other between mouse and rat alignments in these two cell lines, varying predominantly in intensity.
Neuronal markers expressed by neuronal cell lines
We initially analysed the cell line expression data against a wide range of known markers of specific neuronal types (Figure 1(a) ). Some of these include the peptidergic nociceptor marker TrkA (NTRK1), the mechanosensor marker PIEZO2/FAM38B, the myelinated neuronal marker CNTNAP2 (contactin associated protein-like 2), and voltage-gated calcium channel (Ca V ) subtype 3.2 that was recently identified to be uniquely expressed on unmyelinated low-threshold mechanoreceptors (C-LTMR) 20 (CACNA1H). Out of the 43 neuronal markers investigated, transcripts of nine were found in all cell lines. These nine genes included the nociceptor markers voltage-gated sodium channel (Na V ) subtype 1.9 (SCN11A) and acid-sensing ion channel 1 (ASIC1); TLX3, a transcription factor that regulates the expression of several sensory channels and receptors implicated in sensing pain, itch, and temperature 21 ; PLXNC1, a marker for unmyelinated nonpeptidergic nociceptors and thermosensors; RET, a marker for myelinated and unmyelinated neurons; 22 the C-LTMR marker tyrosine hydroxylase (TH); 23 RUNX3, a transcription factor that regulates the development of proprioceptive DRG neurons 24 ; the unmyelinated C-fibre marker peripherin (PRPH); and LDHB, a marker of myelinated neurons 22 ( Figure 1(a) ). However, the co-expression of some of these markers in individual cell lines was surprising given their expression profiles do not overlap significantly in subtypes of DRG neurons. Specifically, some markers are known to be selectively expressed in unmyelinated C-fibre neurons (such as PRPH and TH), while others are indicative of myelinated A-fibres (such as LDHB) and would thus not be expected to be present in a single sensory neuron type. Many sensory neuron genes were also absent across all cell line samples, including nociceptive markers such as TRPV1,
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TRPA1,
26 calcitonin gene-related peptide (CGRP), 27 and Na V 1.8 (SCN10A); mechanoreceptor markers such as PIEZO2 28 and VGLUT3/SLC17A8 29 ; and markers for neurons responsible for itch such as PAR2 (F2RL1). 30 This suggests that while the cell lines are known to express receptors found on DRG neurons, they do not mimic the entire repertoire of proteins expressed by functional in vivo DRG neuron classes.
In SH-SY5Y cells, the most enriched marker was RET, the glial cell line-derived neurotrophic factor (GDNF) receptor tyrosine kinase, consistent with previous reports that these cells respond to GDNF with increased neurite outgrowth. 31, 32 SH-SY5Y cells expressed markers of A-fibres, including LDHB, CNTNAP2, and neurofilament heavy polypeptide (NEFH). However, TrkA (NTRK1), a C-fibre marker, was also expressed; while the A-fibre marker TrkC (NTRK3) was completely absent. SH-SY5Y also lacked the nociceptor markers TRPV1, MAS-related GPR member D (MRGPRD), the peptidergic neuron markers CGRP, substance P (TAC1), the itch receptor marker somatostatin, the mechanoreceptor marker TAFA4/ FAM19A4, and the proprioceptor marker parvalbumin (PVALB). Overall, SH-SY5Y cells expressed a range of genes associated with different subtypes of sensory neurons and could not be classified according to known DRG neuron subclasses, including those defined by Usoskin et al., 22 Li et al., 33 or simpler categorisation based on expression of established markers relating to functional aspects, such as CGRP, IB4, and NF200. Although further classification of sensory neurons was recently reported by Li et al., 33 DRG classification criteria based on transcriptional markers remain relatively broad and as yet do not unambiguously encompass the possibly 17 or more different fibre types that have been proposed based on responsiveness to mechanical and thermal stimuli as well as conduction velocity and rate of adaptation. 34 Thus, while these cells express genes -as well as their respective protein products 9,10 -known to be involved in key sensory neuron functions, they should not be regarded as a model for DRG neurons.
F-11 and ND7/23 cells were both created from a fusion of mouse neuroblastoma cells and rat embryonic or neonatal DRG neurons, respectively. 7, 8 Accordingly, the expression profile of neuronal markers was similar in both cell lines, and included a number of markers of A-fibre mechanosensors and proprioceptors, including LDHB, NEFH, and TrkC (Figure 1(a) ). As with SH-SY5Y cells, markers for C-fibres were also present in both cell lines, including P2RX3, a purinergic ion channel expressed in C-fibre non-peptidergic neurons; plexin C1 (PLXNC1); TH; PRPH; RET; and Ca V 3.3 (CACNA1I). ND7/23 cells expressed comparatively higher levels of TLX3, SCN11A, TrkC, and TrkA than F-11 cells, while ASIC1, PLXNC1, TH, PRPH, NEFH, CNTNAP2, LDHB, CACNA1H, and CACNA1I had reduced expression in ND7/23 cells compared with F-11 cells. TrkB was expressed at very low levels in both cell lines. The C-fibre marker TrkA was enriched approximately 20-fold in ND7/23 cells compared with F-11 cells, while TH was elevated approximately 10-fold in F-11 cells compared to ND7/23 cells. This established that, similar to SH-SY5Y cells, both F-11 and ND7/23 cells expressed a range of cellular markers that are usually found in distinct sensory neuron subtypes and a specific neuronal origin can thus not be definitely assigned.
All samples showed a similar distribution of genes expressed according to BP terms following global GO analysis. The BP term with the most genes associated was 'metabolic process' across all samples, followed by the terms 'cellular process' and 'biological regulation'. Fourteen different BP terms were found to be present in all samples, with whole DRGs being the only sample that contained one extra term, that of 'rhythmic process' (Figure 1(b) to (g) ). F-11 and ND7/23 samples exhibited reduced numbers of genes associated with each BP term when analysed against the rat genome; however, the distribution of associations across different terms remains very similar across the mouse and rat genomes for both samples.
Ion channel and GPCR expression by neuronal cell lines
We next analysed the expression of ion channels and GPCRs in whole DRGs and F-11, ND7/23, and SH-SY5Y cells. Ion channels have an important role in regulating neuronal excitability and firing rate, making them promising novel therapeutic targets in the treatment of pain. Pharmacological modulators of certain families of ion channels, including voltage-gated calcium channels (Ca V ), voltage-gated potassium channels (K V ), and voltage-gated sodium channels (Na V ), are already used as drugs in the clinic to treat neuropathic pain. 35, 36 Similarly, many GPCRs initiate intracellular changes after activation from external chemicals, making this family of receptors ideal pharmacological targets. A number of GPCRs are already effective and established analgesic targets, such as the opioid receptors, while others have recognised roles in inflammation and nociception, such as bradykinin and proteaseactivated receptors. [37] [38] [39] We assessed expression of ion channels and GPCRs with putative therapeutic importance based on classification obtained from IUPHAR (http://www.guidetopharmacology.org).
There were 261 ion channel genes detected in whole DRGs (51 read aligned to the gene), 217 in SH-SY5Y cells, 223 in F-11 (mouse), 201 in F-11 (rat), 214 in ND7/ 23 (mouse), and 189 genes in ND7/23 (rat). Twenty-one families of ion channels were expressed by all samples, including several considered as therapeutic targets for pain such as ASIC receptors, GABA A receptors, and voltage-gated sodium, potassium, and calcium channels (Figure 2(a) ). Whole DRGs had the highest number of ion channel transcripts among the samples, with 494,237 reads aligned to ion channel genes. The level of ion channel expression was also at least three times higher in whole DRGs (1.42% of total aligned reads) than in the cell lines examined; 0.53% of total aligned reads in SH-SY5Y cells consisted of ion channel reads, while ion channel reads made up 0.43% of total aligned reads in F-11 (mouse), 0.48% of total aligned reads in F-11 (rat), 0.42% of total aligned reads in ND7/23 (mouse), and 0.45% of total aligned reads in ND7/23 (rat). A total of 58 ion channels were found to be uniquely expressed in whole DRGs, while eight uniquely expressed ion channel genes were found in SH-SY5Y, three in F-11, and four in ND7/23 ( Table 2) .
The most striking difference in the distribution of ion channel transcripts between DRGs and cell lines lies in the percentage of voltage-gated sodium, potassium, and calcium channels. Together, Na V , K V , and Ca V consisted of 59% of all reads aligned to ion channels in whole DRG, a trend that was reflected in the three cell lines. Na V , K V , and Ca V constituted 43% of all ion channel transcripts in SH-SY5Y cells, 40% in F-11 cells (mouse and rat), 35% in ND7/23 cells (mouse), and 38% in ND7/23 cells (rat) counts. However, much of the Ca V expression in the cell lines was contributed by Ca V auxiliary units rather than the channel-forming Ca V a units, and this was especially true for SH-SY5Y cells. SH-SY5Y cells also abundantly expressed cholinergic nicotinic receptors, amounting to 27% of all ion channel transcripts. In contrast, cholinergic nicotinic receptors consisted of 15% or less ion channel transcripts in all other samples (whole DRG 2%, F-11 mouse 3%, F-11 rat 2%, ND7/23 mouse 14%, and ND7/23 rat 11%) (Figure 2 
(b) to (g)).
A compilation of the 30 ion channels with the highest expression in each sample revealed significant differences as well as similarities between the cell lines and compared with whole DRGs (Figure 2(a) ). The ion channels with the highest expression in whole DRGs were Na V 1.8 (SCN10A), K V 1.1 (KCNA1), and Na V b4 subunit (SCN4B). Other ion channels highly expressed in whole DRGs, but expressed at very low levels in the cell lines, included Na V 1.9, aquaporin 1, the Na V b1 subunit, K V 4.1 (KCND1), and glycine receptor b unit (GLRB). In addition, transcripts for Na V 1.1 (SCN1A), ionotropic glutamate receptor 1 (GRIK1), and K V 4.3 (KCND3) were found at lower levels in DRGs but were virtually absent in the three cell lines. Transcripts for SCN8A (Na V 1.6) and SCN9A (Na V 1.7), channels responsible for signal transduction and known to have important roles in pain, were present in all cell lines as well as being highly expressed in whole DRGs. F-11 and ND7/23 cells in particularly expressed Na V 1.6 and Na V 1.7 at higher levels than SH-SY5Y cells, with F-11 cells expressing more Na V 1.6 than ND7/23, and ND7/23 cells expressing more Na V 1.7 than F-11 cells.
The nicotinic cholinergic receptor a3 (CHRNA3) was the ion channel with the highest expression in SH-SY5Y and ND7/23 cells, but few transcripts were found in whole DRGs and F-11 cells. The second-most enriched ion channel in SH-SY5Y cells, the Ca V a2d subunit 2 (CACNA2D2), also had very little expression in the other samples. Other ion channels highly expressed in SH-SY5Y cells included Ca V auxiliary units such as CACNG4 and CACNA2D1, and voltage-gated chloride channels such as CLCN3 (Figure 2(a) ). While the overall gene expression profiles of F-11 and ND7/23 cells were similar, there was notable disparity in ion channel expression. F-11 cells expressed a large amount of transcripts for K V 11.1 (KCNH2, otherwise known as Human ether-a-go-go-related gene (hERG)) and 5-HT receptor 3 a (HTR3A), genes that were expressed at much lower level in ND7/23 cells (Figure 2(a) ). In contrast, CHRNA3 was the most highly expressed ion channel transcript in ND7/23 cells, but was only expressed at low levels in F-11 cells. Apart from these exceptions, many ion channel genes where expressed at similar levels in F-11 and ND7/23 cells. Several of these, including ion channels with recognised roles in nociception such as ASIC1, Ca V 3.2 (CACNA1H), and K V 7.2 (KCNQ2) were highly expressed in F-11 and ND7/23 cells as well as in whole DRGs and SH-SY5Y cells (Figure 2(a) ). Similarly, P2RX3, Ca V 3.3 (CACNA1I), TRPV2, and Ca V 2.2 (CACNA1B) were enriched in F-11 and ND7/23 cells to a lesser extent compared with DRGs and SH-SY5Y cells. For all of these ion channels, transcript numbers were higher in F-11 cells compared with ND7/23 cells. In contrast, TRPM2, CLCN2, KCNK3, CLCN5, GRIA2, TPCN1, KCNC3, KCNC1, and KCNT1 were expressed at higher levels in ND7/23 cells than F-11 cells.
A total of 300 different GPCR genes from the IUPHAR list were expressed in whole DRGs, 218 genes in SH-SY5Y cells, 215 in F-11 (mouse), 188 in F-11 (rat), 225 in ND7/23 (mouse), and 187 in ND7/23 cells (rat) (Figure 3(a) to (g) ). Whole DRGs contained the most GPCR transcripts, with 185,707 reads aligned to GPCR genes accounting for 0.54% of all aligned reads. SH-SY5Y cells had the second-most abundant GPCR expression (0.38% of all aligned reads), followed by ND7/23 mouse (0.35%), ND7/23 rat (0.33%), and F-11 rat and mouse (both 0.26%). Similar to the trend seen for ion channels, whole DRGs had both the highest GPCR expression level and the highest number of uniquely expressed GPCRs, with 46 GPCRs uniquely expressed in whole DRGs. SH-SY5Y cells expressed 8 unique GPCRs, F-11 cells expressed 1, and ND7/23 cells expressed 10 ( Table 2) . A total of 45 families of GPCRs were expressed by all four samples. Among these, the adhesion class GPCR family had the highest expression levels in all samples, constituting 42% of all GPCR transcripts from SH-SY5Y cells, 35% in ND7/23 cells (rat), 32% in F-11 cells (rat), 28.3% in ND7/23 (mouse), 27.5% in F-11 (mouse), and 17% in whole DRGs. The GPCR family with the second highest expression in whole DRGs were the GABA B receptors GABBR1 and GABBR2 (16% of all GPCR reads), a trend that was not observed in the cell lines where GABA B receptors only consisted of 3% of GPCR reads in F-11 and ND7/23 (rat) and 2% in ND7/23 (mouse) and SH-SY5Y cells. However, expression of approximately equivalent transcript numbers for both the R1 and R2 subunit of the GABA B receptor was only observed in DRG neurons, suggesting that functional GABA B receptors do not form in the neuronal cell lines (Figure 3(b) ).
Other GPCRs with high expression in whole DRGs include sphingosine-1-phosphate receptor 3 and the orphan GPCRs GPR158 and GPR56. These genes, together with the prostaglandin F receptor (PTGFR), par3 (F2RL2), 5-HT receptor 1D (HTR1D), prostaglandin E receptor 3 (PTGER3), and adenosine A1 receptor (ADORA1), were expressed at very low levels in neuronal cell lines. Two exceptions in this group include the orphan GPCRs with unknown function, GPR137, and GPR153, which were expressed in all samples (Figure 3(a) ). The GPCR with the highest level of expression in SH-SY5Y cells was latrophilin 2 (LPHN2). Latrophilin 2 is an adhesion GPCR that plays a role in exocytosis and is closed related to latrophilin 1 (LPHN1), the receptor for latrotoxin, the active peptide in black widow spider venom. 40 Interestingly, latrophilin 1 was the GPCR with the highest expression in F-11 cells and the second highest expressed in ND7/23 cells, and was also present in whole DRGs. Many genes enriched in SH-SY5Y cells, such as smoothened and par1 (F2R), were also expressed in other samples. However, a small group of genes, including the muscarinic acetylcholine receptor M3 (CHRM3) and prostaglandin E2 receptor (PTGER2), were enriched in SH-SY5Y cells but largely absent in other samples. Overall, GPCR expression patterns were similar for all neuronal cell lines, but distinct from that of whole DRGs (Figure 3(a) ).
In F-11 cells, the prostaglandin I2 receptor (PTGIR), par1 (F2R), and LPHN1 were the most highly expressed GPCRs. In ND7/23 cells, the GPCRs with the highest expression were the cannabinoid receptor 1, LPHN1, and pituitary adenylate cyclase-activating polypeptide type I receptor. The majority of GPCR genes were expressed at similar levels in F-11 and ND7/23 cells. GPCRs enriched in F-11 and ND7/23 tended to be expressed at very low levels in whole DRGs, whereas a group of GPCRs highly expressed in DRGs, including CELSR3 and BAI2, were enriched in SH-SY5Y cells. Of note, GPR123 and PTGER4 were enriched exclusively in F-11 cells, and CD97 and FZD2 were enriched only in ND7/23 cells. When aligned to the mouse genomes, the top 30 GPCRs expressed for F-11 and ND7/23 cells resembled each other very closely. Interestingly, F-11 cells expressed mouse but not rat transcripts of PTGIR, while the same was the case for ADCYAP1R in ND7/23 cells (Figure 3(a) ).
Interestingly, we noted expression of both arginine vasopressin receptor 1A (AVPR1A) and oxytocin receptors (OXTR) in DRGs, consistent with an emerging functional role of these GPCRs in pain, where AVPRA1 has been linked to strain-dependent pain sensitivity to formalin and capsaicin 41 and oxytocin activation ameliorates visceral pain in particular. 42 Consistent with a specific role of these GPCRs in pain, both vasopressin receptor 1B and vasopressin receptor 2 were expressed at very low level or absent in DRGs. In contrast, all three cell lines expressed OXTRs, but vasopressin receptor 1A and 1B were absent. We thus sought to verify this gene expression profile using functional Ca 2þ imaging. The OXTR was expressed in SH-SY5Y cells, absent in F-11 cells, and only aligned to three reads in ND7/23 cells. Accordingly, only SH-SY5Y responded to oxytocin at concentrations that elicit Ca 2þ responses in HEK293 cells transfected with the OXTR, confirming the presence of functional OXTRs in SH-SY5Y cells and its absence in F-11 and ND7/23 cells (Figure 4(a)  and (b) ). Moreover, consistent with our transcriptomic results, vasopressin did not elicit an increase in intracellular Ca 2þ in any of the cell lines tested, albeit robust Ca 2þ responses were elicited in HEK293 cells transiently transfected with AVPR1A (Figure 4(c) and (d) ).
The gene expression profiles observed in this study are supported by several studies assessing expression of isolated ion channels and GPCRs in sensory neurons, SH-SY5Y neuroblastoma, as well as F-11 and ND7/23 cells. Specifically, the expression profile of Ca V transcripts in SH-SY5Y cells was entirely consistent with that previously reported, 11 with Ca V 2.1, Ca V 2.3, Ca V 3.2, and Ca V 1.1 being completely absent in SH-SY5Y cells. Ca V 3.1 had the largest number of reads, followed by Ca V 2.2 and Ca V 1.3. SH-SY5Y cells also expressed several Ca V auxilliary units at high level, a trend that was also observed in F-11 and ND7/23 cell lines. In contrast, the order of expression of Ca V alpha units in DRGs was observed as
with all alpha isoforms being present (supplementary data). This was mirrored by the F-11 and the ND7/23 cells, both of which expressed all Ca V isoforms with a similar pattern. F-11 and ND7/23 expressed most Ca V 3.2 out of all Ca V alpha subunits, closely followed by Ca V 2.2, Ca V 1.2, and Ca V 3.3.
Similarly, expression of KCNQ2 and KCNQ3, the genes encoding K V 7.2 and K V 7.3, the K þ channel isoforms which underlie the M-current, were consistent with previous results reporting presence of this channel in DRGs, 43 F-11 cells, 44 and SH-SY5Y cells; 45 although curiously, KCNQ3 was absent in ND7/23 cells. Interestingly, K V 1.1, a key K V channel regulating excitability in DRG neurons, was found to be virtually absent in all cell lines, where the K V 11 subtype family was expressed most abundantly (55.06% of all K V transcripts in SH-SY5Y, 58.56% in F-11, and 38.30% in ND7/23), and K V 1 family expression was at least 30-fold lower in all cell line samples compared to whole DRGs. K V 11.1 (KCNH2), commonly known as the hERG, was the most abundant K V subtype channel in all three cell line samples. These findings are consistent with previous studies reporting absence of K V 1.1, and endogenous expression of hERG, in these cell lines. [46] [47] [48] The expression profile of TRP channel transcripts was similar across all cell lines. TRPA1 and TRPV1, the TRP channels receptive to the noxious stimuli mustard oil and capsaicin, respectively, were largely missing from the three cell lines. Very small amounts of TRPV1 were present in the three cell lines and TRPA1 was completely absent. TRPM8, the menthol and cold receptor, was also expressed at very low levels in all cell lines as previously reported. The recently identified cold-sensitive channel TRPC5
49 was revealed to be present in whole DRGs and in ND7/23 cells, with very low expression in SH-SY5Y and F-11 cells. TRPM3, another novel channel suggested to be a potential nociceptor and thermoceptor, 50 was present in whole DRGs, F-11 cells, and ND7/ 23 cells, with very low expression levels in SH-SY5Y cells (supplementary data).
These findings were confirmed with fluorescent intracellular calcium measurements after the application of lack of expression of these key thermosensitive TRP channels suggests that none of the three cell line examined should be used as model nociceptive or thermosensitive neurons.
Discussion
Immortalised neuronal cell lines as models of primary sensory neurons represent a comfortable compromise for the investigation of the neuropharmacological mechanisms underlying pain. These neuroblastoma-derived cell lines often express molecular targets consistent with those found in sensory neurons, bypassing the need for excision and primary culture of tissue while -presumably -retaining endogenous protein expression profiles. Indeed, one advantage of using immortalised neuronal cell lines over heterologously transfected cells is the coexpression of relevant auxillary subunits as well as interacting proteins, and the constellation of channels and receptors that would form the ''signallosome'' in a native neuron, providing a more holistic insight to nociceptive pharmacology and signalling. However, these properties are often based on assumptions about the gene expression profile of such cell lines, and the lack of comprehensive analyses of receptor expression in these cell lines limits their applicability.
We thus set out to assess the gene expression profile of the model sensory neuron cell lines ND7/23 and F-11 as well as the neuroblastoma cell line SH-SY5Y, which has previously been reported to express genes and ion channels normally restricted to peripheral sensory neurons such as Na V 1.7.
10 Accordingly, when compared with the gene expression profile of whole DRG, we found expression of many individual genes known to be expressed in, or play an important role in the function of, sensory neurons. These include RET, TH, PRPH, and LDHB. However, we also found many sensory neuron-enriched genes that were absent from the cell lines, such as TRPV1 and SCN10A. Moreover, given that whole DRGs and all three cell lines derive from peripheral neurons, the absence of central nervous system microglial markers such as CCL4 and GPR183 54 in the neuronal cell lines was expected. Sensory neurons are a heterogeneous group of neurons with distinct functional characteristics and physiological functions. Since cell lines can be considered monoclonal and originate from a single cell colony, the absence of genes enriched in specific subgroups of neurons could be expected -it is plausible that the gene expression profile of ND7/23 and F-11 cells would resemble only one subset of the many different types of sensory neurons. Indeed, both ND7/23 and F-11 cells are often considered a model for small nociceptive neurons that give rise to unmyelinated C-fibres. However, the precise type of sensory neuron that these cell lines may have arisen from, or that they most closely resemble, is difficult to assess currently, not least because the precise number of individual neuronal subtypes found in DRG are unclear. Based on functional characteristics of the fibres innervating target organs including skin, at least 16 subclasses of purely sensory neurons should exist. 34 In recent years, significant efforts have been made towards identifying the gene expression profile of these individual neuronal classes, as it is becoming increasingly clear that it is the constellation of ion channels, GPCRs, auxiliary subunits, and interacting proteins expressed in a given neuron that defines its functional properties. For example, cold sensitivity in trigeminal neurons is defined by co-expression of K V 1.1/1.2 channels with TRPM8, 55 while in sensory neurons innervating the skin, a similar functional relationship was observed for TRPM8 and K V 7.2/7.3 channels. 43 There is also existing evidence towards the presence of multiple neuron types within F-11 cell lines, 56 indicating that while neuron-derived cell lines are supposedly clones of the parent cell line, a myriad of neuronal subtypes exists within one population.
Based on a comprehensive study assessing the gene expression profiles of sensory neurons using single-cell RNA sequencing, Usoskin et al. 22 defined four basic sensory neuron subtypes, characterised by expression of TAC1, NTRK1, and CALCA (peptidergic cluster); MRGPRD and P2RX3 (non-peptidergic cluster); TH (tyrosine hydroxylase containing cluster); NEFH and PVALB (neurofilament-containing cluster); as well as 11 subgroups thereof by correlating both old and novel markers to physiological function in peripheral nerves. Li et al. 33 also examined the types of neurons present in DRGs in a separate study, and classified mouse DRG neurons into 10 types and 14 subordinate subtypes based on molecular markers, functional annotations, and transcriptional patterns. The resulting clusters matched the classification by Usoskin et al. to some extent, but also introduced additional transcriptional markers defining subgroups of sensory neurons. Importantly, the gene expression profile of F-11, ND7/23, and SH-SY5Y cells resembled none of these subgroup classifications closely, with all cell lines expressing markers from several different clusters as well as markers of non-neuronal cells including B2M and VIM. 22 Indeed, F-11 cells expressed high levels of P2RX3, TH, and NEFH, thus simultaneously incorporating markers of non-peptidergic, THcontaining, and neurofilament-expressing neurons based on the classification proposed by Usoskin et al.; while ND7/23 cells expressed high levels of the peptidergic neuron marker NTRK1, the non-peptidergic marker P2RX3, TH, and the neurofilament-expressing marker NEFH. The corresponding gene modules based on the classifications by Li et al. also belonged to separate clusters, including black (TH), turquoise (P2RX3, NTRK1), and blue (NEFH). 33 Similar discrepancies were also observed when comparing the gene expression profile of the cell lines to the transcriptome of neurons expressing Na V 1.8, which are typically considered nociceptive and expressed high levels of ANO3, TRPA1, and CHRNA6, 57 none of which were present in the immortalised neuronal cell lines examined. However, these discrepancies are perhaps less surprising given none of the cell lines expressed more than one read of Na V 1.8 transcripts in the entire sample. Indeed, our results showed that allocation of neuronal cell lines to any single meaningful subtype of sensory neuron is hardly possible, as they expressed a mixture of cellular markers that are typically found in non-overlapping cell populations, including markers for myelinated neurons as well as for unmyelinated neurons. Some examples include the presence of TrkA, TrkB, and TrkC in all cell line samples, suggesting a mixed heritage of the cell lines. Thermosensitive proteins responsible for temperature sensing such as TRPV1, TRPA1, and TRPM8 were all virtually absent in the cell lines, making them unlikely to have been derived from thermosensors. The complete lack of PIEZO2 also indicate that the cell lines are not to be used to investigate stretchsensitive neurons in their native state. 58 Another subclasses we can rule out are subsets of pruriceptors due to the lack of PAR2 and somatostatin in the cell lines.
Global GO analysis of all samples according to BP terms revealed similar functional distribution of genes, suggesting that these neuronal cell lines maintain broad functional similarities with DRG neurons despite the apparent poor fit into the existing framework of neuron classification. It is possible that despite the lack of expression of certain gene markers, other genes with similar roles are expressed through compensatory mechanisms to maintain functional similarity with in vivo peripheral neurons.
While the present study assessed gene expression profiles in undifferentiated ND7/23, F-11, and SH-SY5Y cells, all three cell lines have the capacity and plasticity to develop into mature, terminally differentiated neurons upon exposure to various reagents such as retinoic acid, cAMP derivatives, or forskolin. 45, 59 These agents can be used to drive the cells towards various phenotypes away from their native form. This is certainly observed in SH-SY5Y cells, which can express different receptors based on the method used to induce differentiation (for a brief review see Kovalevich and Langford 60 ) . It is thus possible that differential cells may resemble certain neuronal subtypes more closely, and a transcriptomic analysis on differentiated cells could provide additional insight into processes involved in neuronal maturation.
A drawback of transcriptomic studies lies in difficulties reconciling gene expression with expression of functional proteins. However, we have confirmed the presence of N-methyl-D-aspartate receptors, HCN2 channels, Na V 1.7 (SCN9A), Ca V 2.2, and opioid receptors in all cell lines, consistent with previous findings, 9, 10 and we additionally confirmed the observed pattern of expression for selected targets using a pharmacological approach where sufficiently selective agonists were readily available.
Conclusions
To conclude, we present the first comprehensive transcriptomic analysis of the gene expression profile in F-11 and ND7/23 cell lines in comparison with whole mouse DRGs and the human neuroblastoma-derived cell line SH-SY5Y. We found that all cell lines expressed a multitude of receptors and ion channels with relevance to nociceptive signalling. However, although the cell lines investigated express molecular targets found in native DRGs, they are not representative of specific subclasses of peripheral sensory neurons and do not fit into existing peripheral neuron categories. Thus, these findings support the continued use of immortal cell lines with neuronal origins in pain research by defining their gene expression profiles relative to native DRG neurons.
